Epigenetics is the study of the regulation of gene activity that is not dependent on nucleotide sequence; this may include heritable changes in gene activity and expression, but also long-term alterations in the transcriptional potential of a cell that are not heritable. These features are potentially reversible and may affect genomic stability and expression of genes. In recent years, great strides have been made in understanding the many molecular sequences and patterns that determine which genes can be turned on and off. This work has made it increasingly clear that in addition to genetic changes, the epigenome is just as critical as the DNA sequence itself for healthy human development. Importantly, dietary factors and specific nutrients can modulate epigenetic alterations and alter susceptibility to disease. As the field of epigenetics grows, a whole new level of thinking has emerged as to the impact of nutrients on regulation of gene expression and disease susceptibility. For example, the classic view of cancer etiology is that genetic alterations (via genotoxic agents) damage DNA structure and induce mutations resulting in non-functional proteins that lead to disease progression. Aberrant epigenetic events such as DNA hypermethylation and altered histone acetylation have been observed in cancer. To control histone acetylation, a balance exists in normal cells between histone acetyltransferase and histone deacetylase (HDAC) activities, and when this balance is disrupted, cancer development can ensue. HDAC activity increases in metastatic cells compared with normal prostate, and global changes in acetylation pattern predict prostate cancer risk and recurrence [1] . Targeting the epigenome, including the use of HDAC and DNA methyltransferase (DNMT) inhibitors, is an evolving strategy for cancer chemoprevention and both have shown promise in cancer clinical trials [2] . Essential micronutrients such as biotin, B 12 and folate, and phytochemicals such as sulforaphane and allyl compounds can impact epigenetic events as a novel mechanism of action. This chapter highlights the interactions among nutrients, epigenetics and cancer susceptibility. In particular, we focus on the impact
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Use of Histone Deacetylase Inhibitors in Cancer Prevention
Post-translational modifications to histone proteins have been linked to the transcriptional status of chromatin. Modifications of histones include, but are not limited to, phosphorylation, biotinylation, methylation and acetylation. The reversible acetylation of nuclear histones is one of the better characterized histone modifications and is an important mechanism of gene regulation. In general, addition of acetyl groups to histones by histone acetyltransferase enzymes results in an 'open' chromatin conformation, facilitating gene expression by allowing transcription factors access to DNA. Removal of acetyl groups by HDACs results in a 'closed' conformation, which represses transcription. The HDACs can be divided into 4 classes based on their structure and sequence homology: class I consists of HDACs 1, 2, 3 and 8; class II includes HDACs 4, 5, 6, 7, 9 and 10; class III enzymes comprise the NAD-dependent Sir2-related proteins, and class IV contains HDAC11. Class I and II HDACs belong to the classical HDACs and their activities are inhibited by trichostatin A. Class III HDACs are homologous to the yeast Sir2 deacetylases and are a family of proteins classified as sirtuins that are not affected by trichostatin A. Class I HDACs are homologous to the yeast Rpd3 and are primarily found in nuclear complexes. Class II HDACs are homologous to the yeast protein Hda1, and are capable of translocating in and out of the nucleus. In addition to histone core proteins, several non-histone proteins have been identified that are targeted, especially by class II HDAC enzymes. Targets include cellular proteins such as transcription factors (e.g. p53, androgen receptor, NF-κB), structural (e.g. tubulin) and chaperone proteins (e.g. hsp90), to name a few. Thus, the effects of HDAC inhibitors may be attributed to mechanisms that involve both direct chromatin remodeling and specific modifications to other (non-histone) proteins. When dealing with agents that effect both histone and non-histone acetylation status, the term 'KDAC' has been proposed for 'lysine deacetylase' inhibitors (the letter 'K' being the biochemical abbreviation for lysine).
Increased HDAC activity and expression is common in many cancer malignancies, and can result in repression of transcription that results in a deregulation of differentiation status, cell cycle checkpoint controls and apoptotic mechanisms. Moreover, tumor suppressor genes, such as p21 appear to be targets of HDACs and are 'turned off ' by deacetylation. Prostate cancer cells also exhibit aberrant acetylation patterns. In human patient samples, global decreases in histone acetylation state corresponded with increased grade of cancer and risk of prostate cancer recurrence [1] . Importantly, inhibitors of HDAC, including suberoylanilide hydroxamic acid (SAHA), valproic acid, depsipeptide, and sodium butyrate have been demonstrated to be effective against prostate cancer cell lines and xenograft models [3, 4] . Specific genes associated with prostate cancer, such as tubulin, coxsackie and adenovirus receptor, liver cancer-1 (DLC-1) and KLF-6, have also shown to be hypoacetylated and repressed in prostate cancers [5] [6] [7] . The use of class I and II HDAC inhibitors in cancer chemoprevention and therapy has gained significant interest. Several ongoing clinical trials are attempting to establish the chemotherapeutic efficacy of HDAC inhibitors, based on evidence that cancer cells undergo cell cycle arrest, differentiation and apoptosis in vitro, and that tumor volume and/or number may be reduced in animal models. HDAC inhibitors have been shown to increase global acetylation as well as acetylation associated with specific gene promoters. Although the equilibrium is shifted toward greater histone acetylation after treatment with HDAC inhibitors, the expression of only a relatively small number of genes is altered in an upward or downward direction [8] . Importantly, only neoplastically transformed cells appear to respond to increased acetylation by undergoing differentiation, cell cycle arrest or apoptosis; normal cells, despite the increased acetylation, do not respond in this manner to HDAC inhibitors [9] . Thus, effects of HDAC inhibitors on apoptosis and anti-proliferation appear to be selective to cancer, not normal cells, although the mechanism is poorly understood. In general, HDAC inhibitors have been subdivided into several classifications: short chain fatty acids, hydroxamic acids, cyclic tetrapeptides, and benzamides [10, 11] . Most have a conserved structure and act by blocking the HDAC catalytic site. Many of these pharmacological HDAC inhibitors have been used in phase I and I/II clinical trials, with promising results [12] . However, many of these compounds also exhibit several associated side-effects and toxicities. For example, valproic acid and trichostatin A have been associated with developmental abnormalities such as neural tube defects [13] . The use of SAHA has also been associated with several hematologic toxicities such as myelosuppression and thrombocytopenia [14] . Many of these drugs must also be administered i.v., a less than ideal route of administration for patients. Although there has been some attempt to develop oral HDAC inhibitor drugs, these also have side-effects such as fatigue, anorexia, dehydration and GI upset [14, 15] . The identification of HDAC inhibitors, with low toxicity but therapeutic efficacy, is an important area of research.
Dietary Inhibitors of Histone Deacetylases
Recent studies also suggest that sulforaphane (SFN), an isothiocyanate derived from cruciferous vegetables, is an inhibitor of HDAC activity and offers protection against tumor development during the 'post-initiation' phase of carcinogenesis. The general structure of HDAC inhibitors is comprised of a functional group at one end that interacts with a zinc atom and neighboring amino acids at the base of the HDAC active site, a spacer that fits into the channel of the active site, and a cap group which is hypothesized to interact with external amino acid residues [16, 17] . Based on the similarity of SFN metabolites to the conserved structure of HDAC inhibitors, we hypothesized that SFN could effectively inhibit HDAC activity. SFN is metabolized via the mercapturic acid pathway, starting with glutathione conjugation by glutathione-S-transferase (GST). Subsequent steps generate SFN-cysteine (SFN-Cys) followed by SFN-Nacetylcysteine. Based on modeling and in vitro work [18] [19] [20] , it has been hypothesized that SFN-N-acetylcysteine or SFN-cysteine are the active HDAC inhibitors. This was supported by metabolite studies, showing significant levels of SFN-cysteine generated in SFN-treated prostate cancer cells [Clark J, Ho E, unpubl data]. Molecular modeling in the active site of an HDAC enzyme provided evidence that SFN-cysteine docked in the HDAC pocket as a competitive inhibitor [21] . In BPH1, PC3 and LnCap prostate cancer cells, SFN inhibited HDAC activity with a concomitant increase in global histone acetylation, increased acetylated histone H4 interactions with the P21 and Bax promoter, and induced p21 and Bax mRNA and protein levels [22] . SFN also decreased the expression of HDAC6, a class II HDAC and induced concomitant increases in acetyl-tubulin levels [unpubl. data]. HDAC inhibition coincided with the induction of G 2 /M phase cell cycle arrest and apoptosis, as indicated by multi-caspase activation [22] . HDAC inhibition by SFN has also been established in several other cancer cell lines, including breast and colon [21, 23] , suggesting the effects are not specific to the prostate. In HCT116 human colorectal cancer cells treated with SFN there were decreases in HDAC activity, increased global histone acetylation, and a selective increase in histone acetylation at the p21 promoter [21] . HT29 colon cancer cells, which lack endogenous Nrf2 protein, as well as Nrf2 -/-mouse embryonic fibroblasts, both exhibited an HDAC inhibitory response to SFN treatment. These results indicated the possibility of a separate SFN chemoprevention pathway distinct from the classic Nrf2 pathway [24] . Importantly, the effects of SFN do appear to be tumor cell specific. We have found that 3-15 μM SFN induces potent HDAC inhibition and G 2 /M arrest in PC3 cancer cells, but have no effect on normal prostate epithelial cells [unpubl. data] . These data support the hypothesis that HDAC inhibition may be an important mechanism of chemoprevention for SFN and similar pharmacological HDAC inhibitors, the cytotoxic effects are specific to cancer, not normal cells.
In vivo, dietary SFN supplementation resulted in slower tumor growth and significant HDAC inhibition in the PC3 xenografts, as well as HDAC inhibition in the prostate and circulating peripheral blood mononuclear cells [25] . In other dietary studies examining intestinal cancer, Apc min mice were fed ~6 μmol SFN per day for 10 weeks. In these experiments a significant decrease in intestinal polyps and an increase in global acetylated histones H3 and H4 were observed, with specific increases at the Bax and p21 promoters [26] . From these studies it can be concluded that HDAC inhibition represents a novel chemoprevention mechanism by which SFN might promote cell cycle arrest and apoptosis in vivo. To date very few human clinical trials have evaluated the effects of SFN on cancer outcome; however, several pilot and phase I human SFN trials have been conducted utilizing different sources of SFN. In our laboratory, a small intervention study was performed to determine if the HDAC inhibition effects observed in cell culture and mice could be translated into humans. In clinical trials using pharmacological HDAC inhibitors such as SAHA, alterations in acetylated histone status in peripheral blood cell samples are used as a biomarker for HDAC inhibitory efficacy. In normal healthy volunteers, after the ingestion of 68 g of broccoli sprouts, a significant decrease in HDAC activity was evident in peripheral blood mononuclear cells with a concomitant increase in acetylated histones H3 and H4 [25] . Broccoli sprouts are a rich source of glucoraphanin, the precursor of SFN; thus, these data give preliminary evidence for the ability of dietary SFN to inhibit HDAC activity in humans. Follow-up studies will examine the relationship between specific SFN metabolites in the circulation and HDAC inhibition.
In addition to SFN, there are many other known and putative diet-derived HDAC inhibitors. Experiments with structurally related isothiocyanates such as sulforaphene, erucin and phenylbutyl isothiocyanate, had comparable HDAC inhibitory activities [20] . Butyrate is the smallest known HDAC inhibitor [reviewed in 27], and contains a simple 3-carbon 'spacer' attached to a carboxylic acid group. This compound is derived from the fermentation of dietary fiber and represents the primary metabolic fuel for the colonocytes, where it is present at millimolar concentrations. Recent studies have confirmed that butyrate acts as a competitive HDAC inhibitor [28] . A second class of dietary agents reported to inhibit HDAC activity in vitro is the garlic organosulfur compounds, such as DADS and S-allylmercaptocysteine [29] , which can be metabolized to allyl mercaptan, a competitive HDAC inhibitor [29] . Treatment of human colon cancer cells with allyl mercaptan induced rapid histone acetylation along with HDAC inhibition, resulting in increased association of acetylated histones and Sp3 transcription factor binding to the promoter element of P21Waf1, thereby increasing both p21 mRNA and protein expression and triggering cell cycle arrest [30] . More recently, α-keto acid metabolites of organoselenium compounds have also been identified as novel HDAC inhibitors in both colon and prostate cancer cells. In particular, the metabolite methylselenopyruvate caused HDAC inhibition, increases in acetylated histone and p21 promoter activity, and concomitant increases in apoptosis and cell cycle arrest at concentrations as low as 2 μM [31, 32] .
Future Directions and Conclusions
In addition to histone modifications, methylation of CpG islands in promoter elements is a major epigenetic controlling event for gene silencing [33] [34] [35] . In fact, transcriptional silencing by aberrant hypermethylation of CpG islands has been reported in nearly every tumor type [36, 37] . Many of the commonly silenced genes include tumorsuppressor genes and genes involved in carcinogen detoxification, hormonal responses and cell cycle control [37] [38] [39] [40] . Both DNA hypermethylation and histone modifications are closely related aspects of chromatin remodeling. Epigenetic control of gene expression often requires the cooperation and interaction of both mechanisms, and disruption in these processes can lead to genomic instability and gene silencing, resulting in cancer progression. Interestingly, DNMT1 also appears to direct histone modifications by recruiting HDACs [41] . Methylation of CpG sequences by DNMT1 binds specific methylated DNA binding (MBD) proteins such as MeCP2 and MBD2. This MBD binding complex recruits a complex of transcriptional repressors, including HDACs, which results in chromatin-associated gene silencing [42, 43] . This relationship between DNA methylation and chromatin remodeling suggests significant cross-talk among distinct epigenetic pathways that control gene silencing/unsilencing. Indeed, the combination of pharmacological DNMT inhibitors and HDAC inhibitors has been explored as a potential anti-tumor therapy [44, 45] . However, DNMT inhibitor drugs have potential hazards and side effects because they often require incorporation into DNA, thereby targeting cells dividing in S phase, leading to greater toxicity [46, 47] . Recently, dietary agents that have dual action of promoter methylation and HDAC inhibition have been identified. Phenethyl isothiocyanate (PEITC), an isothiocyanate related to SFN and which is found in cruciferous vegetables such as watercress, was shown to reverse hypermethylation of GSTP1 promoter elements in androgen-dependent and androgen-independent prostate cancer cells. Concurrent with demethylation effects, phenethyl isothiocyanate (2-5 μM) inhibited HDAC activity and increase acetylated histone status. At the doses tested, phenethyl isothiocyanate was more effective towards promoter demethylation and HDAC inhibition than chemical DNMT and HDAC inhibitors, 5-aza and trichostatin A [48] . Different epigenetic modifications clearly appear to work together to coordinate and maintain gene expression patterns in the cell. Further work examining the possible cross-talk between various epigenetic modifications after exposure to dietary epigenetic modulators appears to be warranted.
Overall, the identification of dietary agents that target HDAC and/or DNA methylation with few side effects is an important area of research [reviewed in 20, 49, 50] , and aligns with the National Institutes of Health's Roadmap priority area on 'epigenetics' . Many of these dietary agents have multiple actions on various pathways during carcinogenesis, and their ability to target several mechanisms, including epigenetic targets, may increase their efficacy as chemoprevention agents. Further, the use of dietary strategies to inhibit HDACs or other epigenetic modifiers as chemoprevention agents is significant because of the ease of implementation into clinical trials, due to their relatively non-toxic nature. Ultimately, these types of study have the potential to decrease prevalence of various cancers and/or increase survival through simple dietary choices, such as incorporating easily accessible foods into a patient's diet.
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